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Introduction

Fluidization of cohesive powders
It is particularly useful to process sticky or cohesive particles in the fluidized state, since the particles in a well-fluidized bed to a large extent are prevented from contacting and therefore fusing during the process. Achieving and maintaining good fluidization of cohesive materials, however, presents a problem.
Geldart [l] introduced a classification of powders based on their fluidization behaviour, which he found to depend on the particle size and density. The class of finest and least dense particles he called group C. These powders fluidize poorly, exhibiting channeling and other untoward effects if aerated. Group A is the next group in Geldart's classification in the direction of increasing particle size and density. Powders falling in this group fluidize well. The Geldart classification applies to dry particles fluidized with air at ambient conditions. In processes involving sticky or wet particles, however, group C behaviour can be observed in beds of particles much coarser than for dry powders.
Baems [2] studied the fluidization behaviour of traditional fine group C powders. He also studied a coarser powder, of which he increased the cohesiveness artificially by adding vacuum oil to the particles. Iyer and *Author to whom correspondence should be addressed.
Drzal [3] tested the fluidization of three powders in the range 12.2-19.4 pm.
Molerus [4] suggested that the fluidization behaviour of powders depended on the ratio of the cohesive forces to the drag forces acting on the individual particles. Seville and Clift [5] increased the inter-particle forces of a group B powder using an involatile liquid. Agbim et al. [6] observed suppression of bubbling in beds where the interparticle forces were increased by magnetization.
Attempts have been made to formulate a numerical criterion for the boundary between A and C powders, based on the ratio of the cohesive forces and the hydrodynamic forces acting on the particles, by Molerus [4, 71.
Empirical criteria for the fluidization behaviour of powders have also been formulated. Geldart et al. [8] suggested the so-called Hausner ratio (the ratio of the aerated to the tapped bulk density of the powder) as an easily measured index for the fluidizability of a powder. High Hausner ratios are produced by cohesive powders which are difficult to fluidize. It was found that powders having a ratio over 1.4 exhibit group C behaviour, while powders with a ratio under 1.25 clearly belong to group A. The Hausner ratio was later used by Hamby et al. [9] as an index for the cohesiveness of loosely packed bulk powders.
Methods of improving jluidization
If a powder is too cohesive, good fluidization is impossible. There are different ways of overcoming this difficulty and improving the fluidization of cohesive powders.
One method is the addition of a flow conditioner (Steeneken et al. [lo] ). Flow conditioners consist of very small particles (0.01 to 1 pm), and act by reducing the contact area between the bed particles, thus decreasing their cohesion. Another possibility for improving the fluidization is the use of mechanical stirrers (Godard and Richardson [ 111).
Yet another way of improving the fluidization of C powders is the application of vibration. Applications of these devices include drying, coating, granulation and nitriding of steel. Although this principle has been used for some time in industry, it has only been researched sporadically.
We now mention some studies on the behaviour of vibrated beds of non-cohesive powders. Yoshida et al. [12] found that the voidage and the minimum fluidization velocity decreased when the powder bed was vibrated, and that the pressure drop over the bed at fluidization increased whenvibration was applied. ErdCsz and Orm6s
[13] studied the fluidization behaviour of a vibrated bed of sand. They reported a decreasing minimum fluidization velocity and a decreasing pressure drop at minimum fluidization with increasing intensity of vibration. ErdCsz and Mujumdar [14] found from experiment that the minimum fluidization velocities of conventional and vibrated fluidized beds of different particles could be described well with an improved form of the Ergun equation. When Gupta and Mujumdar [15] applied vibration to a fluidized bed, they found a reduction in the pressure drop over the bed at conditions of minimum fluidization.
Only a few studies of the effect of vibration on the fluidization quality of cohesive powders can be found in the literature. Gupta and Mujumdar [15] mention briefly that a powder, which they had made sticky using oil, could be made fluidizable again through the application of vibration. The positive influence of vibration on the fluidization of moist or sticky particles was also noted by Zaitsev et al. [16] and Malhotra et al. [17] . Malhotra et al. remark that deep beds are not commonly used in vibrated fluidized beds, because of the progressive damping of the vibration effect with bed height. Mori et al.
[18] devised a vibrated fluidized bed for the fluidization of very fine group C powders. A discussion of the practical applications of vibratory fluidization and vibratory fluid bed dryers can be found in Trudel [19] . In none of these studies, however, has the cohesiveness of the powders been quantified or the effect of the vibration on the fluidization quality been studied under varying conditions. The object of the present research was to further study the effect of vibration on fluidization. The cohesiveness of the powder beds was varied while the other powder properties were kept constant. This was achieved by using batches of native potato starch of different moisture contents. The influence of certain operating variables (the aeration rate and the amplitude and frequency of vibration) was studied at these different levels of bed cohesiveness. The bed height was constant in all experiments.
Experimental
The equipment used is shown in Fig. 1 . The experiments were carried out in a Perspex column of 0.288 m diameter and 1.35 m height. Air was supplied to the bed through a porous metal plate (permeability 2.0X lo-l3 m', thickness 2 mm). The air flowrate was adjusted by means of critical flow nozzles.
The bed was vibrated through the movable gas distributor, the displacement of which was controlled by a hydraulic vibrator. A sinusoidal waveform was ensured by a feedback of the displacement measurement (by means of a linear variable differential transformer) of the vibrator head to the setpoint controller. This signal was passed through a low-pass filter and collected by a personal computer. The computer was programmed to calculate the amplitude from a discrete Fourier transform of the collected displacement values. Detailed information about this issue can be found in ref. 20 .
The air pressure was measured beneath the gas distributor using differential pressure transducers. The pressure drop over the bed was calculated by subtracting the pressure drop over the gas distributor from the measured pressure drop. The pressure drop over the porous plate was determined separately and found not to depend on the vibration applied to the bed. The bed height was 0.5 m in all experiments. The powders used were glass ballotini and native potato starch. The glass ballotini consisted of particles in the diameter range 35-80 pm with a surface/volume diameter of 65.8 pm and a particle density of 2850 kg mP3. The native potato starch was obtained from Avebe (Veendam) and consisted of four batches of differing water content: 6, 14, 21 and 25% (weight percentage on dry solids basis). The particle density was about 1500 kg rnw3 and depended weakly on the water content (detailed information in ref. 20) . Using a Coulter counter for size analysis, it was found that the particle size was in the diameter range 7-100 pm, with a surface/volume diameter of 34.6 pm.
Principles
In many applications of fluidization, processes such as heat and mass transfer or mixing are important. The fluidization is then measured as the improvement in these processes when vibration is applied. In the present case, the gas-solid contact and the degree to which the particles are actually supported in the fluidizing gas are measures of the 'quality' of the fluidization. An indication of this is given by the pressure drop over the bed; if the fluidization is good, the pressure drop over a fluidized bed is approximately equal to the weight of the bed per unit cross-sectional area of the bed. When inter-particle forces in a bed cause the formation of channels through which the gas preferentially travels, the pressure drop over the bed will be lower, indicating poor fluidization.
A dimensionless index for fluidization, also used in the past [21] , in terms of the pressure drop over the bed, is therefore adopted. The fluidization index FI is defined as the ratio of the pressure drop over the bed to the weight of the bed per unit cross-sectional area,
where m is the mass of the bed, Ap the pressure drop across it, and g is the gravitational acceleration. The displacement of the vibrated bottom place, xP,, can be written as:
where x,, is the vibration amplitude, t is the time and w the angular vibration frequency. The intensity of the vibration is often described by the vibration number, G (e.g. [13-15]), defined as the ratio of the maximum vibration acceleration to the acceleration due to gravity g :
Results and discussion
A part of this study was dedicated to searching for resonance effects on the behaviour of the bed. In the process of developing the experimental equipment it was found that extreme care should be exercised when performing this type of experiment in order not to confuse equipment-related resonance effects with bedrelated ones. In the final version of the equipment, where equipment-related resonance effects had been eliminated as far as possible, no clear resonance effects on the results could be found.
Glass ballotini
Before determining the effect of vibration on the complex fluidization behaviour of cohesive potato starch powder, it was decided to study the influence of vibration on a powder that could be fluidized well without vibration. The glass ballotini used for these experiments were only slightly cohesive and exhibited group A behaviour when fluidized with air under atmospheric conditions.
The minimum fluidization velocity, u,,+ is defined as the minimum superficial gas velocity required to fluidize the powder. It is usually determined from the intersection of the two straight lines drawn as tangents at 2, = 0 and 21 S-Q to a curve of pressure drop versus superficial gas velocity generated at decreasing air velocity (see Fig. 2 ). It is common practice to generate the curves at decreasing air velocity because the fluidized state provides a reproducible initial condition of the bed, the bed voidage fraction, E, having its maximum value.
The influence of vibration on the variation of FI and E as the gas velocity is decreased is shown in Figs. 2 and 3. The vibration used has a frequency, f, of 30 Hz and a vibration number, G, of 3. It can be seen in Fig. 3 that the bed voidage is reduced by vibration. The lower voidage causes a decrease in the minimum fluidization velocity, as seen in Fig. 2 . An expression for the minimum fluidization velocity under the present conditions of low particles Reynolds numbers (Re = pgvd/p, where pg is the gas density, d the particle diameter and p the dynamic viscosity of the gas) follows from the Carman-Kozeny equation for the pressure drop over a packed bed and the fact that the pressure drop over the bed has to equal the bed weight per unit area minus a negligible buoyancy force:
The Carman-Kozeny constant has been assumed here to be 180 [22] , although higher values are reported in the literature as well.
It can be seen in the figures that the fluidization index FI is slightly higher with vibration than without; with vibration it is very close to unity. The fact that the fluidization index remains just below unity throughout the present study could indicate that not all the particles are suspended in the upward air stream (Jolly and Doig [23] ). This may be due to the gas distributor, for reasons of construction, having a slightly smaller cross-section than the column.
In order to study the variation of fluidization behaviour with vibration intensity more closely, the fluidization index and the bed voidage were measured for a decreasing air velocity over a whole range of amplitudes of vibration, while the frequency of vibration was kept constant at 70 Hz. Ten different amplitudes were used, with G in the range 0 to 5. The results are presented in Fig. 4 in the form of a three-dimensional plot with FZ as the height coordinate.
At each of the ten different values of G the minimum fluidization velocity was determined from a separate graph of FI versus v. The results are shown in Table  1 . Calculations from eqn. (4) are also shown in Table  1 , and can be seen to approximate the experimental data well and account for the variation of v,~ with E,,,~ very well. It would therefore seem, on the basis of these data, that no extra term to correct for the effect of vibration on v,,,~ has to be introduced, the effect being accounted for by the variation of Q, Yoshida et al. also observed a decrease in v,,,, and Ear when vibration was applied to the bed. In their experiments the pressure drop increased with vibration, which agrees with the results shown in Fig. 2 . A decrease in vmr was also measured by ErdCz and Ormos and by Gupta and Mujumdar. These authors, however, report a decreasing pressure drop with increasing vibration intensity. This was not observed in the present study or by Yoshida et al.
Potato starch
Batches of potato starch powders of different moisture contents were, as mentioned, used for the investigation of the fluidization behaviour of cohesive powders under vibration. As a measure of the cohesiveness of the powders, yield loci were determined in a triaxial cell after the application of a range of isotropic consolidation stresses.
It seems likely that the parameter of importance for the stability of channels formed in an aerated bed would in fact be the so-called 'unconfined yield strength' (defined as the major compressive principal stress in a powder at failure if the minor principal stress is zero) of the powder in its most loosely packed state. This parameter is difficult to measure, but the unconfined yield strengths of the powders after previous consolidation were determined; the values are shown in b would have to be unity. In our case the values of b turned out to lie in a narrow band between 0.6 and 0.7. Preliminarily, the fluidization of the least cohesive potato starch powder (W=6%) was studied without applying vibration to the bed. The pressure drop over the bed was measured for increasing and decreasing air velocities. The results are presented in Fig. 6 as a plot of the fluidization index versus the superficial air velocity.
It is clear from this figure that the potato starch bed cannot be fluidized without vibration. With increasing air velocity the fluidization index rises to values above unity. Horizontal cracks appear in the bed and it tends to lift as a plug. The fact that values of the fluidization index considerably higher than unity are possible is due to shear stress between the rising bed and the wall. After the bed collapses, the pressure drop falls and the process starts again. These are transient phenomena, and the figure does not represent reproducible data obtained at steady state. At higher air velocities, channels are formed in the bed. This is associated with very low values of FI as the air escapes through the channels. When the air velocity is decreased, the channels already formed remain stable and the fluidization index remains at a low value.
With the aid of vibration it was possible to fluidize the potato starch bed. The pressure drop over the bed was measured with a decreasing air velocity for G=3 at f=30 Hz. The results are presented as FI versus v in Fig. 7 , together with the curve for decreasing air velocity when no vibration was applied. The vibration applied to the bed breaks down the cracks and channels that are formed when no vibration is used. The bed fluidizes well with vibration, and the fluidization index approaches unity. Potato starch powders with water contents of 14, 21 and 25% could also be fluidized with the use of vibration, and Table 2 gives the values of Q and Ed, for these powders at G = 3 and f=30 Hz. It can be seen from the table that the general trend is for emr to increase with increasing moisture content (and therefore cohesiveness) of the powder. This table also shows the influence of vibration frequency at a constant value of G for potato starch containing 6% water. These data were obtained by fluidizing under vibration at frequencies of 60 and 90 Hz, while keeping G constant at a value of 3. At the higher frequencies the powder also fluidized well, although it was not possible, on basis of the present results, to discern a trend in the values of l m/ and Q with frequency of vibration. Equation (4) describes well the experimentally observed variation of r+ and E,,,~, as was the case for glass ballotini. An exception is the most cohesive powder, for which a higher value of v,,,~ was found than one would have expected from the E~~ determined.
Each series of experiments with potato starch described so far was performed under constant vibrational conditions and with a decreasing air velocity. These experiments are useful for the determination of v,,,~. However, as noted in the discussion of Fig. 6 above, it is impossible to obtain reproducible steady-state results at zero or low vibration intensities using this approach. It is, however, possible to obtain reproducible time-averaged results over the entire range of vibration intensities if the vibration intensity is decreased under conditions of constant fluidization velocity.
During preliminary experiments it became clear that, when the air velocity was above v,+ a vibration amplitude could be determined below which the bed was no longer in a fluidized state. This phenomenon could be observed visually as well as by measurement of the pressure drop over the bed. Sample results from such an experiment are shown in Fig. 8 . In these experiments the pressure drop over the bed oscillated to a greater or lesser extent depending on the fluidization behaviour. The data points marked by minimum FZ and maximum FZ are the extreme values of the pressure drop at a certain value of G measured in a given time interval (about 3 mm). The solid line in Fig. 8 connects the mean values of FZ measured during the time interval.
Experiments such as that presented in Fig. 8 were performed for several air velocities. The combined effect of aeration and vibration on the fluidization index can be shown conveniently in three-dimensional plots similar to that shown for glass ballotini in Fig. 4 .
The results for potato starch containing 6% water and vibrated at f= 30 Hz are presented in Fig. 9 . Nine different airvelocities were used. G was lowered stepwise from 3 to 0 by varying the amplitude. The V-G region wherein the fluidization index is about equal to unity can clearly be recognised in the figure. The minimum fluidization velocity appears to be around 0.7 mm s-l over the entire range of values of G. At values of G lower than about 0.6, the fluidization behaviour is poor over the entire range of air velocities. Critical values for ZI and G, termed V, and G,, can be defined, above which the combination of aeration and vibration keeps the potato starch bed in a wellfluidized state, as measured by the fluidization index. These values are listed in Table 3 for all the conditions investigated in this study.
Similar experiments were performed with potato starch containing 14, 21 and 25% water. For these three different powders, eight different air velocities were used. The results of these experiments are also represented by three-dimensional plots (Figs. 10, 11 and 12) . From the figures it can be seen that the determination of the critical values for v and G becomes progressively more difficult as the powders become more cohesive.
The variation in the effect of vibration intensity with vibration frequency was studied using potato starch containing 6% water. The plot corresponding to a frequency of 30 Hz has already been shown in Fig. 9 . Ten different air velocities were used for a series of experiments at a frequency of 60 Hz, and G was varied from 6 to 0. The results are shown in Fig. 13 were used and G was varied from 9 to 0. The results are shown in Fig. 14 (note the contracted G-axes in Figs. 13 and 14) .
It is difficult to give exact critical values for G at the higher frequencies, as can be seen from the figures. The estimated values are listed in Table 3 . It can be seen that G, varies with frequency, indicating that the dimensionless vibration intensity is insufficient to describe the behaviour of the system completely.
With increasing cohesiveness of the powder an increase in v, is found. The minimum fluidization velocity, V ,+ was also found to increase with powder cohesiveness (Table 2) , although the effect is less pronounced than for v,. The reason for the variation in both parameters can be seen in Fig. 15 , which shows curves of pressure drop versus superficial gas velocity in the different powders plotted at the same vibration parameters. An increase in the voidage of the beds with increasing cohesiveness of the powder causes a decrease in the slope of the curves at the origin, explaining the variation in v,~ The figure also shows a progressively greater rounding of the curves close to the point of fluidization, explaining why the effect on v,, defined as the velocity at which the bed is essentially supported in the gas stream, is the more pronounced. The greater rounding of the curves for very cohesive powders may indicate that a quite open structure prevails in the bed until relatively high superficial gas velocities are reached, in spite of the vibration applied.
The observed values of G, increase with increasing cohesiveness of the powder, as expected.
A powder property mentioned earlier, the unconfined yield strength, is likely to give an indication of the strength of the channels and arches that appear when fluidization becomes poorer. It must be noted, however, that the data presented in Fig. 5 cannot be used as a direct measure of the cohesiveness relevant in the present context, since the powder was consolidated before its strength was tested. When the powder is in a fluidized or loosely packed state, the average stresses in the bed will be very low and will lie below the range of consolidation stresses used for the experiments in the triaxial cell.
Nevertheless, in order to arrive at a quantitative expression for G, as a function of powder cohesiveness, this parameter is plotted against fc at a low value of a, (10 kPa) in Fig. 16 (the line in Fig. 5 corresponding to a moisture content of 6% has been extrapolated in order to create Fig. 16 ). The line shown is a best fit through the origin. A rough estimate of the Jenike flow factor for the powder can, in spite of the fact that b in eqn. (5) is different from unity, be obtained by dividing the values on the x-axis by 10 kPa. Thus an estimate of the required vibration intensity as a function Unconfined yield strength (@a) of the powder flow factor can be obtained from this figure (note, however, that this can only be expected to be valid for the bed height and the vibration frequency used in this study).
We have used G as a dimensionless vibration parameter in this study following the literature on vibrated non-aerated beds. In these systems, G indicates whether separation between the bed of powder and the supporting plate takes place. In a fluidized system, separation is likely always to take place (if indeed the bed can be viewed as a coherent body at all, which it probably can as long as stable channels are present in the bed). In that case, the velocity of the periodic impact between the supporting plate and the bed is likely to determine the maximal forces arising in the bed and breaking up the channels. This impact velocity is not described by the value of G, thus providing a possible explanation for the variation of G,, with vibration frequency.
Conclusions
When vibration was applied to a bed of glass ballotini, which could be fluidized without vibration as well, the vibration decreased the voidage and minimum fluidization velocity.
Beds of cohesive potato starch, which did not fluidize with aeration alone, could be fluidized well when vibration was applied. The minimal air velocities and vibration intensities necessary to maintain good fluidization were determined at three frequencies.
The nature of the effect of vibration on the fluidization of beds of varying cohesiveness has been elucidated.
The vibration intensity required for good fluidization was determined, by means of an empirical relation valid for the experimental conditions used, to the unconfined yield strength of the lightly consolidated powder batches.
